An apparatus and method of experimentation for measuring frequency-dependent angle scattering from in vitro tissue samples and tissue-like scattering media have been developed. Distinguishing features of this method are that data collection is rapid, data reduction is simple, and results, given in the form of the differential scattering cross section per unit volume, are accurate and absolute. Reported are the results of tests to determine the overall accuracy of the method. Also, results of the differential scattering i:ross section per unit volume from female human breast tissue are presented.
INTRODUCTION
In clinical ultrasonic B-mode imaging, scattering of sound by tissues plays an important role in visualizing normal and abnormal structures. Current diagnostic ultrasound studies involve transmitting brief pulses of ultrasonic energy into the body and detecting and displaying signals due to acoustic scattering by soft tissues. In most cases only waves scattered back towards the sound source are detected because the same transducer serves as both transmitter and receiver. Gray scale B-mode images are formed by intensity modulating a display according to the amplitude of the scattered signals.
Although ultrasonic scattering is largely responsible for characteristics found in clinical ultrasound images, knowledge of the scattering properties of soft tissues and of the exact scattering sites is still sparse. At present, clinical images fail to provide quantitative information on scattering properties because instrument related factors, operator dependencies, and pulse propagation in tissue all have a substantial effect on the signal obtained. Measurements of the intrinsic ultrasonic scattering properties of human tissue parenchyma, underway in a number of laboratories, may lead to more accurate diagnosis and more specific tissue differentiation than is currently available in clinical images. •-6 In addition, a catalog of the scattering properties of human tissues would be useful in the construction of phantoms containing tissue-mimicking materials. These phantoms could be used for testing or as an aid to designing ultrasound imaging instruments.
Complete description of the intrinsic scattering properties of soft tissues requires measurements of both frequencydependent and angle-dependent scattering. Up until now, scattering as a function of angle has been studied by only a few workers. Shung •2'•3 This method involved insonifying, with nearly monofrequency tone bursts, a spherical sample, 19 mm in diameter, positioned well into the farfield of an unfocused transmitting transducer. The differential scattering cross section per unit volume was obtained from the ratio of the scattered intensity to the incident intensity using a straightforward data reduction technique. It was shown that the contribution to the total scattered power from coherent scattering from the surface of the sample was negligible compared to the power scattered due to incoherent scattering. Also, quantitatively accurate results were obtained for the case of a discrete spherical target whose diameter was 635 pm and whose physical properties were known. •2 In addition, preliminary results were obtained on scattering for human and other mammalian tissues.
In the work reported here ultrasonic scattering from human breast tissue and tissue-mimicking materials is measured as a function of scattering angle and frequency. The technique described in this paper is essentially the same used by Burke; however, the apparatus and data acquisition scheme have been improved and more extensive tests using phantoms have been carried out. The improved apparatus is capable of rapid data acquisition, thereby minimizing effects of tissue decay that could alter the results of scatter measurements. •2'•4 A significant advantage of the technique to be described is that it provides results on intrinsic scattering properties of tissues, while utilizing a simple method of data In Fig. 1 
III. CALIBRATION OF THE EQUIPMENT
Calibration of the equipment is a straightforward process. Because the diameter of each of the receiving transducers and the diameter of the scattering volume are small compared to the distance from the scattering target to the face of the receiving transducer, it can be shown that phase cancellation is negligible at the face of the receiving transducer for target diameters equal to or less than 1.9 cm. It is assumed that each receiving transducer converts acoustic pressure to induced voltage in a linear fashion; that is,
where 
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To account for attenuation caused by the presence of the agar target-holder cylinder, a uniform agar cylinder is placed between the source transducer and the receiving transducer. The variable attenuator is then adjusted so that the peak-to-peak voltage at the input to the receiver amplifier is within acceptable limits of that device and the delayed trigger is adjusted so that the signal at the receiving transducer is digitized. A calibration data table of analog-to-digital converter numbers versus ratios of scattered signal voltage amplitude to incident signal voltage amplitude is created by varying the setting on the attenuator. The calibration data are fit to a third-order polynomial whose coefficients are used later in the data reduction scheme.
IV. DATA ANALYSIS
The data analysis scheme can be broken down into two steps. The first step entails calculating a correction factor that accounts for attenuation within the scattering volume and for any known nonuniformity of the intensity of the incident ultrasonic beam. The correction factor C is dependent on the scattering sample radius a, the attenuation coefficient of the sample a, the relative intensity beam profile of the incident beam I(x, y), and the scattering angle 0. Here late the scattered pressure 2ø was used to compute the ratio of the scattered-to-incident intensity; this is valid in the present study since the distance to the point of observation is much greater than the diameter of the sphere doing the scattering. Since the scatterers are spatially randomly distributed and the mean distance between scatterers is large compared to the diameter of a scatterer, the differential .scattering cross section for the target is taken as n times the differential scattering cross section per scatterer, where n is the total number of scatterers in the sphere.
To ut'dize Faran's theory, the longitudinal wave speed of sound, density, and Poisson's ratio must be known for the glass beads. These quantities were specified by the manufacturer of the glass beads (Potters Industries, Hasbrouck, New Jersey). Also, the glass bead diameter distributions for each of the samples must be known; these were determined optically. This entailed taking a thin slab of each of the target materials and measuring bead diameters usixxg a calibrated microscope with a movable vernier scale eyepiece. Several hundred beads from each target sample were sized and grouped into size bins, each bin consisting of a narrow range of diameters. Figure 6(a) and (b) represents the diameter distributions of the glass beads used. To compute the theoretical differential scattering cross section it was assumed that all beads in any given bin were of one diameter, that being the mean diameter of that particular bin. For the material shown in Fig. 6(a) , there are 39 beads/mm 3 and for the material shown in Fig. 6(b) there are 7.7 beads/mm 3.
To test the method's ability to adequately account for attenuation in the scattering volume, two other samples were constructed. As before, these samples, consisted of solid glass beads spatially randomly distributed in a scatter-free gel. Each target was cast into a 1.27-cm-diam sphere and each was embedded in its own scatter-free agar cylinder. Once a breast tissue sample has been removed from a patient it is placed in an airtight container and refrigerated until it is delivered from the University of Wisconsin Hospital to the ultrasound laboratory, approximately 2 miles away. Typically, tissue is no more than 3 h old before it is delivered to the ultrasound lab. When tissue is received, it is examined visually to locate a region approximately 0.5 cm 3 in volume that is free of large fat globules. When such a region is located it is removed from the bulk sample, carved into a roughly spherical shape, and loaded under water into a sample holder cylinder illustrated in Fig. 3 . At the conclusion of any experiments performed on tissue samples, the sample's density and mass are measured and its volume is calculated. In addition, the attenuation coefficient of the bulk sample is measured using a narrow-band substitution technique. known and whose scattering characteristics were predicted by theory. In these tests, experimental data were in excellent agreement with theoretical predictions. These tests were conducted over a range of frequencies often used in clinical diagnostic ultrasound imaging. Additional tests, using scattering volumes with identical scattering properties but different attenuation coefficients, demonstrate that the data reduction scheme does adequately account for attenuation in the volume doing the scattering.
Preliminary results of the average differential scattering cross section per unit volume from four samples of human breast tissue, each from a different individual, were presented. Sample-to-sample variability of a(0) was small, averaging 20% over the scattering angles at which measurements were taken. For scattering angles from 180ø-90 ', the average differential scattering cross section per unit volume exhibited very little dependence on 0; for angles less than 9IT pronounced forward scattering was noted. Obviously, many more breast tissue samples will need to be measured before definitive conclusions on the angular and frequency dependence of scattering from female human breast tissue can be drawn from experimental data. The method and apparatus described in this report display promising prospects as a way to measure absolute scattering from small volumes of tissue accurately and rapidly. This technique is capable of rapid data acquisition, thus minimizing unwanted effects due to sample degradation. Currently, this apparatus and technique are being used as a tool in the development of phantom materials having tissue-like scattering, and as a means of acquiring data needed to catalog intrinsic scattering from various tissues.
